We calculate the phase shifts in the pion-nucleon scattering using the heavy baryon formalism. We consider phase shifts for the pion energy range of 140 to 200 MeV. We compare our results with phase shifts extracted from fits to the pion-nucleon scattering data. We find good to fair agreement between our calculations and the phase shifts from scattering data.
Pion-Nucleon Lagrangian
The basic framework that we will employ to calculate the phase shifts is the heavy baryon chiral perturbation theory [8] . As is well known, the relativistic formalism of the chiral Lagrangian with baryons suffers from some severe problems which arise because the baryon mass does not vanish in the chiral limit and is not small relative to the scale of chiral symmetry breaking scale Λ χ . The baryon four momentum is, therefore, not small relative to Λ χ which results in the loss of the one to one correspondence between the loop and the small momentum expansion in CHPT. In the heavy baryon formalism, the baryons are treated as static sources and only the baryon momentum relative to the rest mass is important. The Lagrangian in this limit is constructed by taking the the extreme non-relativistic limit of the relativistic Lagrangian and expanding in inverse powers of the heavy baryon masses. In this formalism the one to one correspondence between the loops and the small momentum expansion is restored.
The lowest order SU(2) L × SU(2) R invariant pion nucleon Lagrangian can be written as [6] 
where
Fπ , (π a represents the pion with isospin index a) v ν is the nucleon four velocity and in the rest frame of the nucleon S µ is just the spin operator. is the axial vector coupling measured in the neutron beta decay. This Lagrangian generates the following vertices vector coupling :
where k 1 is the incoming pion momentum and k 2 is the outgoing pion momentum. To the Lagrangian above we have to add the pion Lagrangian L π,π whose form is well known (for a recent review see Ref [6] ). We can organize the Lagrangian in terms of the small momentum in the calculation
where L i (π, N) generates terms of ∼ p i , p being the the small momentum.
We next include the ∆ in our calculations and write the total Lagrangian as
The inclusion of ∆ in our calculation is warranted by the fact that the ∆(1232) is close enough to the nucleon mass to make a significant contribution. 1 There can also be contributions from the higher resonances like the N * (1440) which contributes significantly to the P 11 ( isospin and total angular momentum 1/2 state) phase shift.
Following Jenkins and Manohar [9] one can incorporate the ∆ by writing the Lagrangian
1 The disadvantage of including the ∆ is that the consistent power counting in HBCHPT is destroyed.
We can include the N * (1440) in our calculation also and write the interaction Lagrangian involving the N * , pion and the nucleon as
The coupling g N * N π can be fixed from the braching fraction of N * → Nπ [10] .
In the static limit the momentum of off shell N, ∆ and N * (1440) is written as,
The propagators for the various fields in the heavy baryon limit are
while the pion propagator is
Calculation procedure
The pion-nucleon scattering amplitude with the outgoing(incoming) pion carrying the isospin index b(a) can be written as
Our job is to calculate T 1 , T 2 . Having obtained these we can isolate the T (isospin) = 1 2
and
amplitudes in the following manner. We first calculate
We can then use these amplitudes to extract
Next we expand the isospin amplitudes in partial waves (S, P waves) as
where then subscripts refer to twice the I(isospin) and J(angular momentum) values,n =
and θ is the scattering angle.
For a given partial wave amplitude A 2I,2J the phase shift δ 2I,2J , for small phase shift, is
where s is the c.m energy. The contribution from L 1 to the amplitudes are
where ω = v · k. The contributions from the ∆ exchange are
From these expressions one can check that there is a pole only for the P 33 channel where the ∆ shows up as a resonance.
The contributions from N * are
In this case the pole shows up in the P 11 channel at the N * mass.
Higher Order Contributions
In this subsection we consider contributions generated from L 2 (π, N) + L 3 (π, N) whose structure can be found in Ref [6] . The contribution from L 2 (order E 2 π terms) generates additional contribution to T 1 and T
where E π and k are the pion energy and three momentum. In this scenario the ∆ and the N * (1440) are not included as dynamical degrees of freedom in the effective theory for pion-nucleon scattering.
We therefore consider two cases in our calculations. In the first case we include the ∆ and the N * (1440) in our effective Lagrangian and set all the c i to zero. In the second case we do not include the ∆ and the N * (1440) in the Lagrangian and use the values of c i given in Ref [6] .
The loops generated by the lowest order Lagrangian are O(p 3 ) and the divergences of 
Results and Discussions
In this section we present and discuss our results. We show our results for the S 11 , S 31 , P 11 , P 13 , P 31 and P 33 partial waves. We compare our result to phase shifts extracted from fits to pion nucleon scattering data which were obtained from the SAID program [11] . In each figure we show four curves. shifts for the P 13 and the P 31 partial waves. We, therefore, do not show the error bars in our graphs. We also limit ourselves to small phse shifts, typically, < 10 degrees or in the energy range 1080 − 1130 MeV corresponding to a pion energy range E π ≈ 140 − 200 MeV which includes the Λ → Nπ region.
In Fig. 1 we show the S 11 phase shifts. We find the agreement with data is good to about 1100 MeV beyond which the calculated phase shifts are larger than the experimental ones.
We note that the inclusion of 1/m N corrections improves agreement with the phase shifts from data. The results of calculation 3 are in better agreement with the data compared to calculation 1 and 2. In Fig.2 In the light of our results it appears that, except for S 11 , the results of calculation 2 are in better agreement with data than the results of calculation 3 indicating that the effects of higher order terms in calculation 3 are important and so the calculations are valid only for small pion energies close to threshold. This suggests that perhaps the ∆ and N * (1440)
should be included in the Lagrangian from the beginning rather than be used to estimate the low energy constants in the effective Lagrangian. The agreement of our calculation 2 with data is quite good for S 31 and P 33 , fair for S 11 ,P 11 , P 13 and P 31 . The phase shifts for P 11 , P 13 and P 31 partial waves are small suggesting that p 3 effects could perhaps be important in these cases which might explain the discrepancy with experiment. The effects of the neglected resonances will also affect the phase shifts though these effects are expected to be small in the energy range we are interested in.
In summary we have calculated the S and P phase shifts in pion nucleon scattering in heavy baryon chiral perturbation theory. We find good agreement between our calculation and experiment for the S 31 and P 33 partial waves. Fair agreement with data is found for the S 11 , P 11 , P 13 and P 31 partial waves. Based on these results, the results obtained earlier 
